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Most neurobiologists believe that
memories are encoded in the pattern
of cortical synaptic strengths, that is,
in the effectiveness with which one
neuron in the brain communicates
with another at each of its synapses.
As the human cortex contains about
1014 synapses (100 trillion), a lot of
information could be stored.
Understanding how memory
works is, by general agreement, one
of neurobiology’s central problems.
Naturally, then, many neurobiologists
are concerned with how synaptic
strengths are regulated to store
information; that is, they are
interested in synaptic plasticity.
Because long-term potentiation
(LTP) and long-term depression
(LTD) are the only mechanisms
known for the persistent regulation
of synaptic strength in neocortex,
these two forms of synaptic plasticity
have attracted great attention in
recent years.
The hippocampus has been
identified as a brain region
concerned with encoding memories
and is therefore typically, but not
exclusively, used to study
LTP/LTD. The standard
preparation for studies of cellular
mechanisms of plasticity is slices of
hippocampus. By stimulating a
particular pathway (the Schaffer
collaterals comprised of axons from
pyramidal cells in a region of
hippocampus known as ‘CA3’) and
recording from any of the pyramidal
cells in the hippocampal region
designated ‘CA1’, the
electrophysiologist can study direct
(monosynaptic) excitatory synaptic
connections (Figure 1).
Suppose we stimulate the
Schaffer collateral fibers and record
from a typical CA1 pyramidal cell. If
the Schaffer collaterals are stimulated
once every minute, we find that the
size of the postsynaptic response
recorded from the CA1 pyramidal
cell remains constant from stimulus
to stimulus (Figure 2). Now we use
the synapses heavily: stimulate 100
times in a second. After this intense
stimulation the size of the
postsynaptic response is larger and
remains so for the remainder of the
hour-long experiment; this
maintained increase in postsynaptic
size is LTP. A different kind of
synaptic use can, however, have the
opposite effect. Instead of giving the
strong 100-stimulus burst, had we
stimulated once every second for 15
minutes, we would have found that
the postsynaptic response got smaller
and stayed that way for the rest of
the experiment; this is LTD. 
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Figure 1
The hippocampal slice preparation has a very
simple structure and serves as the synaptic
physiologist’s equivalent of the
neuromuscular junction. Postsynaptic
responses can be recorded from any CA1
pyramidal neuron by stimulating the Schaffer
collateral pathway, which is made up of axons
from pyramidal neurons in the CA3 region.
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campuses: the original Yoshida
campus to the north and a newer
southern campus at Uji. The division
of Biological Sciences is located
mainly at Yoshida, but the newer
Institute for Chemical Research on
the Uji campus includes molecular
biology laboratories and recently
became one of two centres for the
national GenomeNet service
(www.genome.ad.jp).
What do the next 100 years hold for
Kyoto University? Scientific policy is
complex in Japan. Many of the
buildings at Kyoto University are in
dire need of repair, yet the
government prefers to build smart
new universities in the countryside
to attract people out of the cities as
part of their decentralisation strategy.
Although students still know that
graduating from Kyoto University
will help them towards their dream
job, some younger researchers may
be tempted to try their luck at one of
the bright and shiny new places.
Our aim is to survey briefly what
is known and, more importantly, what
is not known about LTP and LTD.
Because these phenomena are based
on changes in synaptic strength we
must, however, begin by reviewing
the mechanisms of synaptic
transmission at central synapses.
Synaptic transmission
As a single Schaffer collateral axon
runs through the hippocampus it
makes many synapses on dendritic
spines of different CA1 pyramidal
cells (Figure 3). The enlargement of
the axon that constitutes the
presynaptic element is called a
bouton and it lies immediately
adjacent to the head of a spine, which
constitutes the postsynaptic element.
The bouton membrane facing the
spine head has a thickened area,
called the active zone, to which about
a dozen synaptic vesicles containing
glutamate are docked; dozens of
reserve synaptic vesicles wait in the
bouton behind the active zone for
their turn to dock. The spine head
membrane directly opposite the
active zone is also specialized (it
appears dark in electron micrographs)
to form the postsynaptic density.
The extracellular space between
the active zone and the
postsynaptic density is designated
the synaptic cleft.
When a nerve impulse arrives at
the bouton it causes a brief increase
in the local calcium concentration.
This calcium binds to special sites
associated with the docking proteins
and can cause an exocytotic event: a
synaptic vesicle fuses with the
membrane of the active zone and
dumps its glutamate into the
synaptic cleft. This fusion event is
probabilistic and unlikely so that,
more frequently than not, no
exocytosis occurs when a nerve
impulse arrives at the bouton. The
chances that an exocytotic event will
occur are roughly proportional to the
number of vesicles that are docked to
the active zone.
The glutamate released from a
vesicle fusion event diffuses
essentially instantaneously across the
synaptic cleft and binds to glutamate
receptors embedded in the
postsynaptic membrane. The bound
glutamate induces a conformational
change in the receptors that are
responsible for the excitatory
postsynaptic current (EPSC) — the
signal finally produced by the
presynaptic nerve impulse.
Although molecular biologists
have discovered an impressive array
of glutamate receptor types, the
receptors present at hippocampal
synapses can be placed in two quite
different categories: the AMPA and
NMDA types. (AMPA and NMDA
are abbreviations for the names of
two glutamate analogs that
pharmacologists used to classify
receptor types before the gene
families were known.) AMPA-type
glutamate receptors (often called
‘AMPA receptors’ even though
glutamate is the natural ligand) are
responsible for normal synaptic
transmission. When these AMPA
receptors bind glutamate, they open
an ion-selective pore and permit the
influx of sodium ions that constitutes
most of the EPSC.
The NMDA-type glutamate
receptors have two important
properties. First, they have a clever
mechanism that permits them to
sense simultaneously the presence of
glutamate in the synaptic cleft and
the postsynaptic voltage, so that they
permit current to flow through their
pore only when glutamate has been
released presynaptically and other
synapses have been activated
(producing the required voltage
change). In other words, NMDA
receptors are coincidence detectors.
Second, the NMDA receptor pore is
very permeable to calcium ions, so
that this receptor class can permit a
significant calcium influx and a
consequent increase in calcium
concentration in the spine head.
LTP and LTD
Now we can start to explain what is
known about LTP and LTD. Despite
an enormous literature, hardly any
feature of synaptic plasticity is
generally accepted. Traditionally one
distinguishes between mechanisms
of induction (how is the plasticity
triggered?), expression (what changes
in a synapse to make it stronger or
weaker?) and maintenance (what are
the cellular and molecular
mechanisms for keeping synaptic
strength at the required level?).
The trigger for both LTP and
LTD is calcium influx through
NMDA receptor pores. This is one
of the few universally accepted
properties of LTP/LTD. The
coincidence-detection property of
the NMDA receptors is used here, so
that LTP requires the simultaneous
activation of many synapses. What
determines if calcium influx through
NMDA receptor pores results in
LTP or LTD? Most workers believe
that the most important thing is the
quantity of calcium that enters: a
little calcium gives LTD and a lot
of calcium produces LTP. But the
history of synaptic use, in addition
to the calcium concentration, also
seems to play a part in deciding
what form of plasticity occurs. The
big question ‘What are the exact
requirements for the induction of
LTP and LTD?’ has not been
answered.
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Figure 2
The strength of a synapse (that is, the size of
the postsynaptic response to presynaptic
stimulation) remains constant if the synapse
is used only once a minute. If, however, the
synapse is stimulated 100 times a second for
one second, the size of the response
increases (LTP). If the synapse is stimulated
once a second for 15 minutes, the size of the
response decreases (LTD). 
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Calcium influx is the trigger for
synaptic plasticity. What are the
calcium sensors? The postsynaptic
density has associated with it a
variety of calcium and calmodulin-
dependent kinases and phosphatases
as well as other calcium-regulated
enzymes. Many of these have been
proposed to provide the next link in
the chain of signaling events, but no
clear story has emerged. The big
question ‘What are the signaling
pathways downstream from increases
in calcium concentration?’ has not
been answered.
As for mechanisms of expression,
how can synapses get stronger in LTP
and weaker in LTD? A synapse can
get stronger: by increasing release
probability; by increasing the quantity
of glutamate in each vesicle; by
increasing the number of glutamate
receptors in the postsynaptic
membrane; or by increasing the size
of the response produced by each
glutamate receptor. LTD could be the
reverse of any of these. The quantity
of glutamate per vesicle is believed
(without real evidence) to be fixed,
but all of the other possibilities have
their advocates. Notice that
increasing release probability is a
presynaptic mechanism, whereas
increasing the response to the
glutamate released (the last two of the
possibilities mentioned above) is a
postsynaptic mechanism.
The current heated debate on the
nature of expression focuses not so
much on the detailed mechanisms as
on the locus. Much evidence can be
adduced for both presynaptic and
postsynaptic loci for plasticity
expression, but no consensus has yet
developed. The problem with almost
all of the experiments on this question
of expression is that they are indirect
and interpretation always depends on
assumptions that are not directly
verified. The positions of individual
scientists on these issues come down
to the subjective estimate of which of
the unverified assumptions are most
likely to be correct.
The idea that has probably
attracted the most attention in the
last several years is the ‘silent
synapse hypothesis’. According to
this idea, many synapses have only
NMDA receptors and LTP occurs by
the addition of AMPA receptors;
LTD, according to this view, could
be the opposite. The big question ‘Is
LTP/LTD expressed presynaptically
or postsynaptically and what are the
cell and molecular biological
mechanisms responsible?’ has not
been answered.
As for the maintenance of synaptic
strength, something has to change at
synapses to keep them at the right
strength. Most of those who work on
synapses believe (without direct
evidence) that the ultimate change is
structural — cortical synapses grow or
shrink to stay stronger or weaker —
but this presumably takes some time
and both LTP and LTD occur in a
matter of minutes. Protein kinase A
has recently become a popular
candidate for a role in the longer term
maintenance of synaptic strength.
The big question ‘What are the
molecular mechanisms responsible
for maintaining synaptic strength at
the various time scales?’ has not been
answered.
One of the key properties claimed
for LTP/LTD is that the changes in
strength are not generalized but are
specific to the synapses that have
been activated. The degree of
specificity has been questioned in
recent years and spread of LTP/LTD
has been demonstrated (some would
say claimed) to spread both
presynaptically (to neighboring
synapses made by the same axon)
and postsynaptically (to neighboring
synapses made on the same dendrite
by different axons). The big question
‘To what extent is LTP/LTD
synapse-specific and what are the
mechanisms that regulate the extent
of this specificity?’ has not been
answered.
Memory
LTP and LTD are the only really
long-lasting changes in synaptic
strength (outside of those that occur
during development) known in the
neocortex. Are these phenomena
responsible for learning and
memory? Although most learning
and memory experts (about 60%
according to our latest polls) believe
LTP and LTD are the basis for
certain forms of memory, this is the
really big unanswered question.
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Figure 3
The CA3–CA1 synapse is made up of a
presynaptic bouton and a postsynaptic
density. Vesicles filled with the
neurotransmitter glutamate (green) are docked
to the active zone of the bouton. Glutamate
receptors (orange) are embedded within the
membrane of the postsynaptic density.
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